INTRODUCTION
Diacylglycerols (DGs) are now recognized to be important second-messenger molecules that stimulate protein kinase C (PKC), an enzyme that appears to be implicated in the regulation of a number of cellular processes [1] [2] [3] . One kind of evidence that provides support for this role of DGs has been provided by research in which cell-permeant DGs, such as dioctanoylglycerol (diC8) and oleoylacetylglycerol (OAG), have been employed. These types of compounds can stimulate PKC activity in intact cells [4] and also in platelets [5] . Other support for the messenger role of DGs comes from the observation that stimulation by diverse agonists in many cell types induces an increase in DG content and activation of PKC [1] [2] [3] .
Second-messenger DGs, initially thought to originate from phosphoinositide (PI) turnover, are now believed to derive also from phosphatidylcholine (PC), upon hydrolysis by phospholipase C or by the sequential action of phospholipase D and phosphatidic acid (PA) hydrolase. In many cases, PC appears to be quantitatively the most important source -of DG signals [6, 7] .
For DGs to function as second messengers, once generated they should undergo rapid elimination in order to terminate the cellular response. The mechanisms involved in the removal of DGs have been investigated in human platelets [8] [9] [10] [11] [12] . These naturally occurring cellular fragments respond to thrombin with phospholipase C-mediated PI breakdown [13] . Majerus and coworkers have proposed that lipolysis of the DGs to monoacylglycerol (MG) and fatty acids is an important pathway for signal termination [10] . Other authors suggest that phosphorylation of DGs by DG kinase plays a major role in the metabolism of these compounds. This viewpoint is supported by studies in which inhibitors of this activity have been employed [1 1,14] . The PA generated by DG kinase can then be converted into PI, replenishing the PI pool, a process known as the PI cycle [15] . Bishop and Bell [12] investigated the metabolism of diC8 in platelets and found considerable conversion of this compound into PA and PI in this system. Operation of a PI cycle for removal of DGs may appear adequate in systems in which PI is the only source of DGs. However, in view of the recently disclosed role of PC as an important source of messenger DGs [6, 7] These DGs were prepared by hydrolysis of the corresponding phospholipids with phospholipase C from Bacillus cereus, as described previously [17] . Reaction variables were adjusted so as to minimize isomerization of the DGs. However, partial conversion into the sn-1,3 isomers was observed on addition to the cell culture medium.
Synthesis of unlabelled triacylglycerols (TGs)
Dioctanoyloleoylglycerol was prepared by acylation of diC8 with oleic anhydride in the presence of DMAP, in anhydrous chloroform/pyridine (4:1, v/v). The conditions for acylation were as those previously described [16] . Similarly, dioleoyloctanoylglycerol was prepared by reaction of 1,2-dioleoyl-sn-glycerol with octanoic anhydride. In both cases, acylation was allowed to proceed at room temperature for 30 h in the dark, at the end of which the mixtures were analysed by t. [1C] 18: 1. A second procedure was also used in this case. Marker unlabelled lipids were added to the samples, which were then analysed on separate LK60D plates for neutral and polar lipids by using the same solvent systems. Lipid spots were detected by exposure to iodine vapours, marked and scraped into scintillation vials. After allowing evaporation of the iodine, quantification was performed by liquid-scintillation counting as described above. In a second protocol, the cells were subjected to a 2 min labelling pulse of [14C]diC8, followed by washing of the monolayers to remove non-incorporated precursor. After incubation for different time periods, the lipids present in the media and cells were extracted and analysed separately by t.l.c. After 15 min, only 45 % of the radiolabelled diC8 initially taken up by the cells remained as such, whereas 38 % of the radioactivity was lost to the medium and consisted almost exclusively of [14C]8:0. The balance was TG and PC, as before. Appearance of the nonesterified fatty acid in the medium indicates lipolytic breakdown of diC8, which thus appears to play an important role in the cellular processing of this DG. A recent study by Asaoka et al. [23] also points out the importance of lipolysis in the metabolism of diC8 in human resting T lymphocytes.
RESULTS
We examined the effects of two DG kinase inhibitors, R59022
and diC8EG, on the metabolism of ['4C]diC8 in NIH 3T3 cells.
Pretreatment of the cells for 30 min with these compounds at concentrations of 10 #M and 50 ,tM respectively did not block incorporation of labelled diC8 into TG and PC (results not shown). On the other hand, RG 80267, a DG lipase inhibitor, significantly enhanced the incorporation of diC8 by the cells (Figure 2) . Analysis of the distribution of radioactivity among cellular lipids of RG 80267-treated and control cells is shown in Table 1 . The cellular diC8 content is higher in RG 80267-treated cells, and so is its conversion into TG and PC. This observation provides additional evidence that lipolysis is an important pathway by which cells eliminate the [14C]diC8 entering them. When lipolysis is decreased by the inhibitor, the competing processes of PC and TG formation are favoured.
Our results compare well with those of Pagano and coworkers, who used a fluorescent PA analogue instead of a DG [24, 25] and found conversion into TG and PC, but not into PI, in CHO cells. They observed translocation of the fluorescence from the plasma membrane to intracellular sites where TG and PC biosyntheses are known to take place [26] . From indirect evidence [27] , they proposed that, after insertion of the fluorescent PA into the plasma membrane, hydrolysis to DG by a PA phosphohydrolase takes place. Our studies show that a DG that spontaneously partitions into the plasma membrane is converted into TG and PC. Since we used directly DG, and not PA, no assumptions are needed with respect to the presence of plasmamembrane PA phosphohydrolase. Interestingly, Pagano and Longmuir [27] observed rephosphorylation of the DG analogues, raising the possibility that this process could be required for translocation of the fluorescent lipid moiety. Our finding that DG kinase inhibitors do not affect the conversions observed, however, strongly suggests that phosphorylation to PA is not a prerequisite for translocation. Therefore, our study provides evidence of translocation of DGs across cytoplasmic compartments in intact cells, which suggests the occurrence ofcytoplasmic DG carrier proteins in mammalian cells.
In their study on radiolabelled diC8 metabolism in resting T lymphocytes, Asaoka et al. [23] observed the formation of a number of metabolites, which they did not characterize. They attributed the appearance of these labelled lipids to the incorporation of radiolabelled octanoic acid previously released by lipolysis of diC8. However, no experimental support for this view was offered. As mentioned above, octanoic acid is poorly incorporated into cellular lipids as compared with diC8. We suggest that the uncharacterized metabolites observed by Asaoka etal. [23] represe-nt lipids derived directly from diC8 rather than from 8:0. Our observation that the short-chain 8:0 is a poor In both cases the precursors were added to the cells as a suspension in DMEM containing 1 % BSA, the cells were thereafter incubated for 3 min, after which lipids were extracted and separated as described in the Experimental section. Abbreviations are as in Figure 1 Figure 1. precursor of cellular lipids agrees well with that by Pagano and co-workers [25] , who showed that the short-chain fatty acid analogue 2-(N-4-nitrobenzo-2-oxa-1 ,3-diazolyl)aminohexanoic acid ('C6-NBD') is not incorporated into cellular lipids. In our study with radiolabelled 8: 0, we found that the total radioactivity in cells + medium remains unchanged throughout the incubation period, indicating that selective oxidation of this short-chain fatty acid does not take place (results not shown).
Asaoka et al. [23] observed only small formation of PA, coinciding with our own observations. MacDonald et al. [28, 29] have shown the occurrence of a membrane DG kinase activity with high selectivity for l-stearoyl-2-arachidonoyl-sn-glycerol. This is the main DG derived from phospholipase C hydrolysis of phosphoinositides. Another DG kinase present in the cytosol does not show this selectivity [29] . Different DG kinase isoenzymes were also reported and characterized by Kanoh and coworkers [30, 31] . In a previous study [17] we found that, although the main product of 1-stearoyl-2-arachidonoyl-sn-glycerol metabolism in intact NIH 3T3 fibroblasts was PC, formation of PA and PI was also important. It therefore seems that a special metabolic path may operate for this DG, supporting the validity of a PI cycle for this specific case. For molecular species other than l-stearoyl-2-arachidonoyl-sn-glycerol, like those originating from PC breakdown [7] , the events observed with diC8 may be more representative.
We studied the metabolism of a second cell-permeant DG, (Figure 3) . No radioactivity was found to be associated with l-oleoyl-2-acetyl-sn-PC, which migrates behind cellular PC, and also the TGs formed in both cases migrated the same distances, against what should be expected if 1-oleoyl-2-acetyl-3-acyl-sn-glycerol had been formed. Thus OAG, in contrast with diC8, does not appear-to be a good substrate for CDPcholine: 1,2-DG cholinephosphotransferase and acyl-CoA: 1,2-DG acyltransferase, which catalyse the formation of PC and TG respectively. Labelling of cellular PC and TG seems to be a consequence of the release of the radiolabelled oleic acid by lipolytic action. Measurement of radioactivity associated with unmetabolized OAG shows that only half of the OAG taken up by the cells remains as such after 40 min. By contrast, in cells treated with RG 80267, 80 % of the OAG remains unmetabolized after the same time period (results not shown). Thus RG 80267 partially protects this DG from lipolytic breakdown.
This study complements our previous investigation in which longer-chain DGs were delivered via liposomes to NIH 3T3 cells [17] . In contrast with the latter, the present study has the advantage that any possible perturbations induced by liposomes are ruled out. Yet the main metabolic conversions observed with diC8 are similar to those with longer-chain DGs, particularly concerning the relevance of transferase activities in eliminating plasma-membrane DGs.
In conclusion, we have here provided new data on the metabolism of diC8 and OAG in intact cells, two synthetic compounds that have played a significant role in the demonstration of the second-messenger activity of DGs [4, 5] and which continue to be used as important research tools in this area. The emerging scheme emphasizes the importance of lipolysis and conversion into PC and TG and does not support any role of the PI cycle in the attenuation of these DG signals. Finally, comparison of the two DG molecules examined, diC8 and OAG, reveals drastic differences in the paths along which they are metabolized. This demonstrates that the fatty acyl composition of the DGs is a key determinant of their fate within intact cells.
